was demonstrated by the Calcofluor stain and by electron microscopies. Someprotoplasts adhered to each other; it seemed like a cell fusion. Protoplasts of C. ellipsoidea C-87 were able to regenerate the cell wall and to grow on a regeneration medium.
A rigid and undigestable cell wall of Chlorella has often been a problem against studies on Chlorella. In some strains, the protector against an enzymatic attack is a trilaminar outer layer containing sporopollenin, an extraordinarily resistant polymer of carotenoids.1} The cell walls of other strains which lack the trilaminar component have a wide variety of resistance against enzymatic digestions. Although most of them were also generally undigestable, there are two examples of Chlorella protoplast formation so far reported in literature. In one case, it took nearly four days to form spheroplasts of C. saccharophila by a treatment with a polysaccharide degrading enzyme mixture.2) If the resistant outermost layer of C. saccharophila is scratched by a sea sand, the cell wall is much more rapidly degraded by cellulase.3) On the other hand, protoplasts of C. vulgaris were formed with 0.4% Cellulysin during several hours.4) In that case, the protoplasts were extruded through breaks in the cell wall and not by dissolution of the wall.
We report here two strains of Chlorella which are unable to produce secondary caro- ) and 2% Cellulysin (Calbiochem). The cell suspension (2 x 108 cells/ml) was incubated in the light at 25°C in a shaker water bath with gentle shaking. The formation of osmotically labile structures wasmonitored by adding 0.1 ml of the suspension to 2.9ml of water and by counting disrupted cells with a hemacytometer. The Calcofluor staining of the cell wall was carried out according to Nagata and Takebe6) at 0°C for lOmin.
Electron microscopy. Portions of the suspension of the cells in the enzyme mixture were removed at intervals and centrifuged at 1,000 x g at 4°C. After washing twice with 25mMphosphate buffer that contained 0.6m sorbitol/ mannitol, cells were fixed with 3% (wt/vol) glutaraldehyde in the samebuffer for 2 hr at room temperature and post-fixed with 1% OsO4 in the same buffer for lhr at 4°C. For scanning electron microscopy, the fixed cells were dehydrated in a graded ethanol series and critically point dried. A small portion of the dried cells was attached to a conductive stub and sputter-coated with gold in a Eiko JB-3 Ion Coater. Samples were examined by a JEM-100CX(JEOL) scanning electron microscope. For trans-mission electron microscopy, the fixed cells were embed-, ded in 2%agar, dehydrated as above, transferred to QY-1 Oz-butylglycidyl ether), and immersed in Epon.7) Thin sections were cut by a Sorval MT-1 microtome, and stained with 2% uranylacetate for 30min followed by a lead salts mixture8) for 5min. They were examined by a JEM-100B (JEOL) electron microscope.
Viability ofprotoplasts. The protoplasts were embedded in 5ml isotonic soft agar (0.6%) and plated on both a normal MBMPagar (2%) supplemented with 0.1% yeast extract (MBMPY)and a MBMPY agar containing either 0.6m sorbitol/mannitol or 20%sucrose. Plates were incubated at 25°C in the light (3,000 lux). The difference in the numberof colonies on the twomediaafter 2 weekswas considered to represent the numberof viable protoplasts.
RESULTS
Effective protoplast formation was observed in the cells of C. ellipsoidea C-87 and C.
saccharophila C-21 1 when the former was treated with cellulase, Macerozymeand pectinase, and the latter with Cellulysin and pectinase (Table I ). An addition of water ruptured their protoplasts; the light green content leaked out from the remaining cell structure. The other ten strains of Chlorella species did not form osmotic-sensitive structures by treatments for 24hr with any combinations of the cell wall digestion enzymes shown in Table I .
About 90% of C. ellipsoidea C-87 cells converted protoplasts after 24hr by the treatment with 4%cellulase, 2% Macerozyme and 1% pectinase (CMP), however, a lack of any one of these three enzymesresulted in no cell wall degradation (Table II) Cells of Chlorella species (2~5 x 108/ml) were treated with each enzyme mixture in 25 mMphosphate buffer (pH 6.0) containing 0.6 msorbitol/mannitol. After an incubation at 25°C for 24hr, no. of osmotic labile structures was counted. CMPconsisted of4% cellulase, 2% Macerozyme, and 1% pectinase. DP of2% Driselase and 1% pectinase. CP of 2% Cellulysin and 1% pectinase. cleus, vacuoles, and mitochondria. The cell wall consists of two regions (Fig. 2c) ; the outer narrow region is electron dense (10nm in width) and the inner electron opaque region is much more bulky and microfibrillar (width: lOOnmto 200nm). The wall structures were also observed in the maturing autospores (Fig.  2d) ; they are enveloped by the mother cell wall whose inner region have becomethinner as the cell walls of autospores develop. No trilaminar outer component of sporopollenin1) was observed at any stages of the cell cycle. Figures   3a and b show typical protoplasts. They are spherical, 4.5 fim in diameter with a somewhat rugged surface, and without any structures of cell wall (Fig. 3c) . The protoplasts were frequently observed to adhere to each other (Fig.  3d) as reported by Braun and Aach2) and by Berliner.4) The protoplasts suspended in MBMP containing 0.6m sorbitol/mannitol could after 3-4 dayincubation at 25°C in the light (3, 000 lux) regenerate the cell wall which was stained with Calcofluor. Whenthe protoplasts were embedded in 0.6% soft agar MBMPY containing 20%sucrose, up to 30% of the protoplasts could grow and form colonies after 2-week incubation at 25°C in the light.
DISCUSSION
According to Soeder,9) different species and strains of Chlorella vary in respect to the morphology and composition of their cell walls. Sporopollenin in the cell wall is reportedly related to the ability to produce secondary carotenoids.X) In this study, we selected 12 strains of Chlorella which do not produce secondary carotenoids. 10) It was found that two of them, especially C. ellipsoidea C-87, could easily form protoplasts. The cell wall of C. ellipsoidea C-87 consists of two components; a fairly distinct but nontrilaminar outer zone and an inner microfibrillar zone (Fig. 2c ). They were degraded by an enzymemixture containing cellulase, Macerozyme and pectinase. Since the cellulase Onozuka (derived from Trichoderma viride) and the Macerozyme (derived from Rhizopus sp.) unknown. Pectinase is, however, essential for the degradation because only the presence of highly purified pectinase (Sigma) resulted in the effective protoplast formation. Takeda and Hirokawa12) reported that the cell wall of C. ellipsoidea C-27 consists of two components; alkali-soluble "hemicellulose" composed of rhamnose, xylose, arabinose, mannose and galactose and alkali-insoluble "rigid wall" composed of glucosamine. We showed that the mixture of hemicellulase, chitinase and pectinase does not produce osmotically sensitive structures from the strain C-87 (Table II) and that the strain C-27 is resistant to the treatment with CMP (Table I) . Therefore, chemical compositions and/or structures of the cell walls of the two maybe considerably different.
Since C-87 protoplasts can regenerate their cell wall and form colonies on a stabilized medium, some cell fusion experiments for genetic analyses of this strain would be possible; in fact, a spontaneous protoplast fusion was frequently observed (Fig. 3d ). An easy isolation of somecellular componentssuch as nuclei, chloroplasts, mitochondria or DNAs from the protoplasts would be also possible.
